INTRODUCTION {#SEC1}
============

Cisplatin-based therapy is one of the most effective chemotherapeutic treatments for ovarian, testicular, head and neck, and non-small cell lung cancer (NSCLC). The mechanism of action of cisplatin involves induction of DNA damage and apoptosis. Cisplatin cross-links to DNA, leading to unwinding of the double helix and attraction of various protein factors, including high-mobility-group (HMG) proteins. Presumably due to a shielding effect caused by these proteins, cisplatin-modified DNA is poorly repaired ([@B1],[@B2]), a phenomenon which leads to cell cycle arrest and apoptosis. The resulting crosslinks consist of guanine--guanine and guanine--adenine intra-strand crosslinks (70--78%), intra-strand crosslinks of two non-adjacent guanines (8--10%) and other minor crosslink lesions ([@B3],[@B4]). Intra-strand crosslinks are usually repaired by nucleotide excision repair (NER) while other lesions are repaired by complex mechanisms, which make use of NER, double-strand break (DSB) repair, and trans-lesion synthesis (TLS) components ([@B5]). Ataxia telangiectasia mutated (ATM) protein kinase and ATM-related (ATR) protein kinase are activated in cells during the early response to DNA damage. While ATM is activated by DSBs, ATR is activated by stalled DNA replication forks. Coupling of cisplatin damage to apoptosis also requires mismatch repair (MMR), and abortive attempts to repair DNA lesions play a key role in the cytotoxicity induced by the drug. Recent observations further suggest the involvement of DNA repair by homologous recombination (HR) in this process ([@B2]).

Increased DNA repair has been proposed to represent a major mechanism underlying cisplatin resistance. Studies performed on a series of cisplatin-resistant ovarian and cervical cancer cell lines show a clear relationship between DNA repair and reduced cisplatin cytotoxicity ([@B1]--[@B2],[@B6]). While intra-strand DNA lesions (the major cisplatin-induced DNA adducts) are repaired by NER, the exact mechanism and events occurring during inter-strand crosslinks repair are poorly understood ([@B7],[@B8]). Cisplatin-induced inter-strand crosslinks can obstruct DNA replication fork progression in dividing cells, resulting in the formation of DSBs as indicated by the presence of γ-H2AX, a phosphorylated form of histone H2AX ([@B9]). DNA damage response (DDR) proteins that co-localize with γ-H2AX foci include the MRE11/RAD50/NBS1 (MRN) complex, BRCA1, RAD51, MDC1 and FANCD2, which represent major components of HR DNA repair ([@B10],[@B11]). ICLs induced by cisplatin, mitomycin C, and the combination of psoralen and ultraviolet (UV) light have also been reported to induce the formation of γ-H2AX foci ([@B12]--[@B15]). This observation raises the possibility that persistence of γ-H2AX foci after treatment with inter-strand crosslinks-inducing agents could reflect a defective HR system, either as a direct inability to repair inter-strand crosslinks or replication-associated DSBs. The formation of γ-H2AX-associated DSBs following cisplatin treatment indicates critical DNA damage that, if not repaired, may be responsible for cisplatin-induced cytotoxicity.

The excision repair cross-complementing group 1 protein (ERCC1), an important mediator of NER, forms a heterodimer with the xeroderma pigmentosum complementation group F protein (XPF), forming a complex that performs a critical incision step during the NER reaction ([@B16],[@B17]). The XPF--ERCC1 complex also plays specific roles in inter-strand crosslinks repair ([@B18],[@B19]) and in completion of HR during inter-strand crosslinks repair ([@B20]), and it facilitates the repair of DSBs induced by cisplatin- inter-strand crosslinks processing ([@B19]). Thus, the XPF--ERCC1 complex participates in repair functions beyond NER. Furthermore, ERCC1 expression levels positively correlate with DNA repair capacity, and are associated with cellular and clinical resistance to platinum-based chemotherapy ([@B21]--[@B24]). Studies that analyzed the role of ERCC1 as an NER component, using both fresh and formalin-fixed paraffin-embedded NSCLC, ovarian and gastric cancer tissues, have been conducted on large numbers of patients (see ref. ([@B25]) for a recent review). ERCC1 expression can be used as a prognostic marker for chemoresistance, normal tissue tolerance and patient outcome during platinum-based chemotherapy ([@B26]). For example, ERCC1 expression was found to be predictive of patient outcome for NSCLC ([@B27]) and gastric cancer ([@B28]) treated with cisplatin-based chemotherapy. Early prospective validation studies in patients with NSCLC showed promising therapeutic results ([@B29]--[@B31]) and several large prospective studies evaluating ERCC1 expression as a biomarker for cisplatin-based therapy response have recently been completed (reviewed in ref. ([@B25])).

The tumor suppressor p53 is stabilized and activated in cells in response to different forms of cellular stress, such as ionizing radiation (IR), which involves ATM activity, as well as UV light, which requires the participation of ATR. These stimuli may induce downregulation of MDM2 expression or changes in the subcellular localization of p53 and MDM2 ([@B32],[@B33]). The p53 protein is also involved in modulating cisplatin sensitivity and the NER pathway in response to cisplatin-induced DNA damage ([@B34]--[@B36]). p53 activates several downstream effector genes, including p21 which leads to cell cycle arrest, as well as PUMA/BAX which induce apoptosis. Transcriptional activity of p53 toward the expression of either apoptotic or cell cycle arrest genes can be determined by post-translational modifications of the protein via phosphorylation at Ser46 ([@B37],[@B38]) or through mono-ubiquitination at Lys320 ([@B39]), respectively. p53 can also be acetylated by histone acetyltransferases (HAT) which were initially found to modify histones. CBP/p300 and the associated protein P/CAF bind to and acetylate p53 in response to DNA damage, and are needed for full p53 transactivation, as well as for producing downstream p53 effects on growth arrest and apoptosis ([@B40],[@B41]). CBP/p300 can both positively and negatively regulate p53 transactivation, as well as p53 protein turnover, depending on cellular context and environmental stimuli. For example, acetylation of p53 at Lys-373 by HAT enzymes plays an important role in stabilizing p53 and in inducing apoptosis via translocation of Bax to the mitochondria ([@B42]). In contrast, phosphorylation of p53 N-terminal residues allows interaction of p53 with CBP/p300, which leads to acetylation of p53 at the C-terminus ([@B43]), followed by an increase of p53 stability and sequence-specific DNA-binding activity ([@B43]--[@B46]).

CITED2---a CBP/P300-interacting transactivator protein containing a Glu/Asp-rich C-terminal domain---is critical for the regulation of various genes involved in cell growth and oncogenesis ([@B47]). CITED2 has been shown to inhibit the activity of the transcription factor hypoxia-induced factor-1 (HIF-1) ([@B48]), and to regulate FOXO3a, which inhibits HIF-1-induced apoptosis ([@B49]). In addition, the activity of CITED2 and HIF-1 is affected by the tumor suppressor TSG101 in ovarian carcinoma cells ([@B50]). CITED2 also functions as an activator of peroxisome proliferator-activated receptors (PPAR) α and γ ([@B51]) and MMP9 ([@B52]). In addition, upregulation of CITED2 and activation of PPARα are responsible for neuronal cell death induced by the DNA-damaging agent camptothecin ([@B53]), suggesting that CITED2 may have pro-apoptotic properties. In contrast, CITED2 was found to be overexpressed in cisplatin-resistant ovarian and cervical cancer cells, and knockdown of CITED2 using siRNA enhanced the cytotoxic effects of cisplatin in these cells ([@B54],[@B55]). These findings suggest that CITED2 may have both apoptotic and anti-apoptotic properties depending on the cellular context.

We previously reported that CITED2 expression level and p53 modifications are implicated in cisplatin resistance in various cancer cell lines ([@B55],[@B56]). Knockdown of CITED2 sensitized cancer cells to cisplatin. However, the mechanism underlying CITED2\'s effect on apoptosis following cisplatin treatment remains unclear. It is unclear whether the interaction between CBP/p300 and CITED2 may affect p53 activity and regulation of ERCC1 expression in response to cisplatin. In the present study, we found that silencing of CITED2 decreased ERCC1 expression via prevention of chromatin relaxation and p53 targeting to the ERCC1 promoter. CITED2 silencing also impaired DNA repair and sensitized cells to cisplatin, and these effects could be rescued by ectopic expression of ERCC1. In addition, silencing of CITED2 sensitized cancer cells and cell line-derived xenografts (CDX) to cisplatin, leading to enhanced cancer cells apoptosis in response to the drug.

MATERIALS AND METHODS {#SEC2}
=====================

Cell lines and chemical reagents {#SEC2-1}
--------------------------------

The cell lines used in this study included human embryonic kidney cells (HEK293) and tumorigenic cells (cervix HeLa and lung H1299; American Tissue Type Collection, Manassas, VA, USA). Cells were cultured as described before ([@B55]). Cisplatin, vincristine and taxol (paclitaxel) were purchased from Bristol-Myers Squibb (New York, NY, USA). PFTα and histone acetyltransferase inhibitor (HATi II) were obtained from Biomol Research Laboratories (Farmingdale, NY, USA) and Calbiochem (San Diego, CA, USA), respectively. Other chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA). All reagents were used according to the instructions provided by the supplier.

Gene knockdown using short-hairpin RNA {#SEC2-2}
--------------------------------------

Lentivirus-based pLKO.1 plasmids expressing short-hairpin RNA (shRNA) that target either CITED2 or p300 were purchased from the National RNAi Core Facility (Academia Sinica, Taipei, Taiwan). A plasmid expressing luciferase shRNA (TRCN0000072244) was used as a negative control. Five plasmid clones for CITED2 or p300 gene were tested for gene knockdown efficiency in HEK293 cells as before ([@B55]). The most effective shCITED2 (TRCN0000015653) and shp300 (TRCN0000009882) plasmids were used in the present study. CITED2 and p53 mRNA levels in HEK293 cells were monitored by polymerase chain reaction (PCR) three days following plasmid transfection. Stable clones expressing shRNA plasmids via a lentivirus were established in HeLa and H1299 cells. Recombinant lentivirus constructs were incubated with the cells for 10 days in puromycin-containing selection medium according to the procedures described by the supplier (National RNAi Core Facility).

Quantitative RT-PCR (qRT-PCR) {#SEC2-3}
-----------------------------

Quantitative reverse transcription-PCR (in short qRT-PCR) was performed on total cellular RNA extracted with the Trizol reagent (Invitrogen, Waltham, MA, USA) as described before ([@B57]). GenBank sequences NM 006079 and NM 000996 were used to design PCR primers for CITED2 and GAPDH, respectively. PCR primers were designed using Primer Express 2.0.0 (Applied Biosystems, Foster City, CA, USA). The primers, which were used at a concentration of 200 nM, were: CITED2, forward, 5′-CCTACCCCCACAACCACTACA-3′; CITED2, reverse, 5′-GCAATCTCGGAAGTGCTGGT-3′; ERCC1, forward, 5′-GCCTATGAGCAGAAACCAGC-3′; reverse, 5′-AATGTGGTCAGGAGGGTCTG-3′; GAPDH, forward, 5′-TCCTGCACCACCAACTGCTT-3′; GAPDH, reverse, 5′-GAGGGGGCCATCCACGTCTT-3′; p300, forward, 5′-CAGATTGATCCCAGCTCCAT-3′; reverse, 5′-GAAAGAAGACTCGGCGTTTG-3′. Relative quantification was performed using the ΔΔCt method with normalization to GAPDH. Namely, the ΔCt for each candidate gene was calculated as ΔCt (candidate) = \[Ct (candidate) − Ct (GAPDH)\]. The relative abundance of tested mRNA was shown as 2^ΔCt(candidate)\ −\ ΔCt(GAPDH)^.

Plasmid expression, cell extracts and immunoblot analysis {#SEC2-4}
---------------------------------------------------------

Construction and expression of plasmids (CITED2 or p53 cDNA inserted into the pcDNA3 vector) were performed as described before ([@B55]). Following 48 h of incubation with DNA and Lipofectamine (Invitrogen), the cells were treated with cisplatin and incubated for an additional 24 h. Fifty microgram or the quantity indicated of protein extract was prepared for immunoblotting as before ([@B58]). Proteins were separated using a 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis, transferred onto PVDF membranes and incubated with primary antibodies raised against the following proteins: ERCC1 (FL-297), CITED2 (JA-22), GAPDH (FL-335), p53 (DO-1), p300 (C-20) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), phosphorylated p53 (Ser15 and Ser46; Abcam, Cambridge, MA, USA), acetylated p53 (Lys373; Upstate Biotechnology, Lake Placid, NY, USA); Histone 3 (H3), H3K4Me, H3K9Me2, H4Ac (Active Motif, Carlsbad, CA, USA), H3Ac, H3K9Ac, H3K14Ac, GCN5L2 (Cell Signaling Technology, Beverly, MA, USA), 53BP1 (A3-272A) (Bethyl Laboratories, Montgomery, TX, USA) and γ-H2AX (05-636-I) (Millipore, Billerica, MA, USA). Membranes were incubated with the following secondary antibodies: goat anti-mouse or goat anti-rabbit-horseradish peroxidase (Amersham, Buckinghamshire, UK). Signal was visualized using enhanced chemiluminescence (Amersham).

Chromatin immunoprecipitation (ChIP) assay {#SEC2-5}
------------------------------------------

Formaldehyde cross-linking and chromatin immunoprecipitation (ChIP) assays of tissue culture cells were performed using a modified protocol ([@B59]) as described before ([@B60]) using a commercial kit (Upstate Biotechnology, Lake Placid, NY, USA). Chromatin was sonicated on ice to obtain DNA fragments of appropriate size, averaging 600 bp. Twenty percent of total supernatant was used as a total input control. Following removal of bound proteins, immunoprecipitated DNA was subjected to PCR. The products amplified by regular PCR were separated on a 1.5%-agarose gel and visualized using ethidium bromide staining. p53-binding sites and other possible transcription factor-binding sites on the endogenous ERCC1 promoter and exon 4 region on chromosome 19 (NC_000019.10) were predicted using TFSearch (<http://www.cbrc.jp/research/db/TFSEARCH.html>; Japan). The primer sequences were designed using Primer 3.0 (Life Technologies, Carlsbad, CA, USA). The primers included: primer pair 1 for the p53-binding site in the promoter region, forward, 5′-GCACAGACACAGGGAATGACTT-3′ and reverse, 5′-ACTGAACCGAAGTCAAAGGAG-3′, which yielded a 169-bp product; primer pair 2 for the negative control-binding site in exon 4, forward, 5′-GGGCCCTGTGGTTATCAAG-3′ and reverse, 5′-ACACTGGGACATGACCCTCC-3′, which yielded a 237-bp product. ChIP-quantitative PCR (qPCR) was performed using a qPCR kit and the same primer pairs. Relative quantification of IP product was performed using the ΔCt method with normalization to control IgG. Namely, the ΔCt for each IP gene was calculated as 2^−Δ\[Ct(IP)-Ct(input)\]^-2^−Δ\[Ct(control\ IgG)-Ct(input)\]^, which normalized the relative level of DNA (in relation to the input) specifically immunoprecipitated by the p53, H3K9Ac or H3K14Ac antibody to that immunoprecipitated by the control IgG.

Immunofluorescence staining {#SEC2-6}
---------------------------

Transfected cells cultured on glass coverslips were washed with phosphate-buffered saline (PBS) and then ﬁxed with 1% formaldehyde for 15 min at room temperature. Cells were incubated with agitation in 2% BSA (dissolved in PBS) for 1 h followed by incubation with primary mouse anti-γ-H2AX antibody (1 μg/ml) overnight at 4°C and with secondary antibodies conjugated with Alexa-488 (1:200) (Invitrogen) in PBS for 1 h at room temperature. In some experiments, incubations were performed with primary rabbit anti-53BP1 antibody (1 μg/ml) overnight at 4°C and with secondary antibodies conjugated with Alexa-568 (1:200) (Invitrogen) in PBS for 1 h at room temperature. Slides were counterstained with 10 μg/ml of DAPI in 60% glycerol (prepared in PBS). Confocal laser-scanning immunoﬂuorescence microscopy (CLSM) was carried out with a Zeiss LSM510 META confocal microscope (Carl Zeiss, Oberkochen, Germany). Image analysis was done using the LSM510 META Software, and images were assembled using Adobe Photoshop 6.0. Quantitative analysis was performed by inspecting cells (*n* = 100 per sample) in three separate experiments. Values were expressed as mean ± s.d. The colocalization factor was defined as follows: \[(fraction of cells having colocalization) × (fraction of foci colocalized per cell)\] × 100.

Cell death and FACS analysis {#SEC2-7}
----------------------------

Cells treated with chemotherapeutic agents (cisplatin, vincristine or taxol) in serum-free medium for 2 h were maintained in drug-containing normal medium for 3 days. Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay ([@B61]). The percentage of viable cells was calculated as the ratio of viable cells over the total amount of cells counted. The sensitization factor (SF~50~) was calculated as the dose which kills 50% of cells in the negative control (e.g. shLuc) divided by the dose which kills 50% of cells in the treatment group (e.g. shCITED2). The resistance factor (RF~50~) was calculated as the dose which kills 50% of cells in the rescue group (e.g. CITED2) divided by the dose which kills 50% of cells in the treatment group (e.g. shCITED2). To confirm the extent of cell death, apoptotic cells produced by the drug were determined by flow cytometry analysis of sub-G1 cells ([@B62]). The LYSYS II software was used to assess cell cycle distribution. Three independent experiments were performed. The data were reported as means ± standard deviation (SD). Statistical significance (*P*-value) was assessed using a two-tailed Student\'s *t*-test for single comparison. The symbol \* denotes *P* \< 0.05; \*\* denotes *P* \< 0.01.

Luciferase ERCC1 promoter analysis {#SEC2-8}
----------------------------------

The p53-responsive luciferase reporter of the ERCC1 gene (pERCC1-luc, provided by Dr Muh-Hwa Yang, National Yang-Ming University, Taipei, Taiwan) and wild-type pcep4-p53 (p53 WT) or mutant p53 (p53 Mut) expression plasmids ([@B63]) were used. Healthy, growing cells were co-transfected with control or test expression vector and pERCC1-luc gene constructs with Lipofectamine following the procedures provided by the supplier (Invitrogen). A plasmid expressing the bacterial β-galactosidase gene (pCMV-β-gal) was co-transfected in each experiment as an internal control for transfection efficiency. Cells were harvested after 48 h of transfection and luciferase activity was monitored. Transcriptional activity was monitored using a dual luciferase reporter assay (Promega) and a luminescence reader (LMaxII384, Molecular Devices, Sunnyvale, CA, USA) according to the instructions provided by the manufacturers. Promoter activity was assessed using normalization of the luciferase activity by β--galactosidase activity.

Cell-derived tumor xenografts in RAG2-deficient mice {#SEC2-9}
----------------------------------------------------

Animal handling and experimental procedures were approved by the Animal Experimental Ethics Committee of Chang Gung University. Female RAG2-deficient C57BL/6 mice of 6--8 weeks of age were used. Tumors were produced by subcutaneous injection of 1 × 10^7^ HeLa cells into RAG2-deficient mice (12 mice per group). Tumor size was measured as described before ([@B64]). Three days post-inoculation (tumor diameter was ∼0.5 cm), mice were divided into two groups (group A and group B, six mice per group). Mice from each group were injected intra-tumorally with 5 × 10^7^ copies (in 5 μl of medium) of lenti-shLuc or lenti-shCITED2.

Immunohistochemistry {#SEC2-10}
--------------------

Tumors were removed and processed with 4% paraformaldehyde at 4°C overnight and 5-μm thick sections were cut on slides using a cryostat. Immunohistochemistry was conducted by incubating the sections in 2% normal goat serum (Vector Laboratories, Burlingame, CA, USA) solution at 37°C for 1 h, after which a first antibody for ERCC1 or γ-H2AX was applied to sections at a 1:200 dilution overnight at 4°C. On the following day, ERCC1 or γ-H2AX was detected by using a goat antibody IgG conjugated to horseradish peroxidase (HRP; Santa Cruz Biotechnology) and diaminobenzidine (DAB). Slides were dehydrated by using a graded series of alcohol and xylene, after which they were mounted in VectaMount (Vector Laboratories) and covered with glass coverslips. All sections were analyzed with an Olympus optical microscope and images were obtained with a digital camera (Pixera, Santa Clara, CA, USA).

Statistical analysis {#SEC2-11}
--------------------

Data were reported as mean values ± SD. Three independent experiments were performed unless indicated otherwise. Statistical significance (*P*-value) was calculated with a two-tailed Student\'s *t*-test for single comparison.

RESULTS {#SEC3}
=======

CITED2 silencing downregulates ERCC1 expression and reduces cell viability in cisplatin-treated cells {#SEC3-1}
-----------------------------------------------------------------------------------------------------

Our previous study indicated that CITED2 overexpression is associated with cisplatin resistance in HeLa cells ([@B55]). To assess the effect of CITED2 silencing on DNA repair, we examined the expression of ERCC1, a major protein involved in the NER pathway where it recognizes DNA damage and performs the excision process ([@B65]). CITED2 silencing in HEK293 cells (which reached over 80% efficiency) significantly reduced ERCC1 mRNA (Figure [1A](#F1){ref-type="fig"}, *P* \< 0.01) and protein levels (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}, *P* \< 0.01). CITED2 silencing also sensitized HEK293 cells to cisplatin (Figure [1D](#F1){ref-type="fig"}). Sensitization to the drug was assessed using the sensitization factor SF~50~, calculated as the IC~50~ of shControl cells divided by the IC~50~ of shCITED2 cells (Figure [1D](#F1){ref-type="fig"}, SF~50~ = 3.26). CITED2 silencing did not affect the viability of cells treated with the mitotoxins vincristine (SF~50~ = 1.18) or taxol (SF~50~ = 1.06) (Table [1](#tbl1){ref-type="table"}). shCITED2 expression significantly increased cisplatin-induced sub-G1 cells (Figure [1E](#F1){ref-type="fig"}), which represent cells undergoing apoptosis ([@B62]). These results suggest that silencing of CITED2 may regulate cell response to DNA-damaging agents.

![Silencing of CITED2 downregulates ERCC1 expression and cell viability to cisplatin. (**A**) mRNA levels of the repair gene ERCC1 are reduced in HEK293 cells following CITED2 silencing using shRNA. (**B** and **C**) Protein levels of the repair gene ERCC1 are reduced in HEK293 cells following CITED2 silencing. (**D**) Sensitization of HEK293 cells to cisplatin by shCITED2 compared to shControl. (**E**) Apoptotic sub-G1 cells in response to cisplatin. The experiments shown in this study were performed in triplicate. Mock control which has no exogenous shRNA was also included for comparison in (A--D).](gkv934fig1){#F1}

###### Modification of drug sensitization by CITED2 knockdown in HEK293 cells

                     shControl (IC50)   shCITED2 (IC50)   sensitization factor (SF)
  ------------------ ------------------ ----------------- ---------------------------
  Cisplatin (μM)     16.3 ± 0.24        5.0 ± 0.13        3.26
  Vincristine (nM)   5.3 ± 0.52         4.5 ± 0.33        1.18
  Taxol (nM)         5.1 ± 0.13         4.8 ± 0.84        1.06

CITED2 silencing reduces DNA repair {#SEC3-2}
-----------------------------------

To assess whether CITED2 silencing impairs DNA repair, we examined DNA damage status in cisplatin-treated cells. We detected γ-H2AX, which correspond to phosphorylated histone H2AX, a marker of DNA DSBs. Previous studies have shown that γ-H2AX reflects the extent of DSBs and may be used to detect pre-cancerous cells and to monitor the effectiveness of cancer therapy ([@B66]). Interestingly, a 10-fold accumulation of γ-H2AX was detected in shCITED2-expressing cells in the absence of cisplatin (1 h: Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}, *P* \< 0.005; 24 h: Figure [2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}, *P* \< 0.005). CITED2 silencing caused a 12- to 14-fold increase of γ-H2AX level in cells treated with 1 and 10 μM of cisplatin for 1 h, respectively. Initial DNA lesions (cisplatin treatment for 1 h) were slightly increased in cisplatin-treated cells compared to control cells. On the other hand, CITED2 silencing caused a five- to six-fold increase of γ-H2AX level in cells treated with 1 and 10 μM of cisplatin for 24 h. These results indicate that the level of DNA damage induced by cisplatin in CITED2 silencing cells was reduced after 24 h of inoculation.

![Silencing of CITED2 reduces DNA repair rate. (**A** and **B**) Accumulation of DNA damage (γ-H2AX) and reduction of the DNA repair proteins ERCC1 following CITED2 silencing in cisplatin-treated HEK293 cells for 1 h. (B) Quantification of DNA damage shown in (A). (**C** and **D**) Accumulation of DNA damage (γ-H2AX) and reduction of the DNA repair proteins ERCC1 following CITED2 silencing in cisplatin-treated HEK293 cells for 24 h. (D) Quantification of DNA damage shown in (C). (**E**) Reduction of DNA repair rate by shCITED2 expression. HEK293 cells were treated with cisplatin for 24 h, prior to incubation in drug-free medium for the indicated period. (**F**) Reduced removal of cisplatin-induced γ-H2AX levels in cells expressing CITED2 shRNA. The slopes are indicated. (**G**) Accumulation of γ-H2AX and 53BP1 double-positive cells following CITED2 silencing in cisplatin-treated HEK293 cells for 24 h. Examples of double-positive cells are indicated with arrowheads. Size reference (10 μm) is indicated. (**H**) Quantification of γ-H2AX and 53BP1 double-positive cells is shown in (G).](gkv934fig2){#F2}

To assess whether the induced DNA damage is due to reduced repair, we treated the cells with 1 μM of cisplatin for 24 h, prior to incubation in drug-free medium. The level of γ-H2AX increased six-fold in shCITED2 cells compared to shControl cells (Figure [2E](#F2){ref-type="fig"}, compare lanes 1 and 6). While the level of γ-H2AX gradually decreased following incubation (Figure [2E](#F2){ref-type="fig"}, compare lanes 1--5), the decrease of DNA damage was also observed in shCITED2-expressing cells (lanes 6--10). The levels of γ-H2AX in both types of cells revealed a slower reduction in shCITED2 cells (Figure [2F](#F2){ref-type="fig"}), indicating a reduced DNA repair rate (slope of −1.199 for shCITED2 cells versus−3.452 for shControl cells). These results suggest that CITED2 silencing may impair DNA repair and result in accumulation of DNA damage.

To confirm these observations, we measured DNA damage by monitoring double immunofluorence of γ-H2AX/53BP1 using confocal analysis in HEK293 cells treated with 10 μM of cisplatin. Following incubation in cisplatin-free medium, the number of γ-H2AX/53BP1 double-positive cells was slightly higher in shCITED2 cells compared to shControl cells (Figure [2G](#F2){ref-type="fig"}, two upper panels). On the other hand, CITED2 silencing increased the number of γ-H2AX/53BP1 double-positive cells following incubation in cisplatin medium (Figure [2G](#F2){ref-type="fig"}, compare the two lower panels). While cells with high double-positive stain (\>7) were detected in cisplatin-free shCITED2 cells, their number was larger in shCITED2 cells following cisplatin treatment. We noted that the number of cells with low double-positive stain (\>7) remained high in shControl cells, even following cisplatin treatment. An equitoxic UV dose, which induces pyrimidine dimers or 6,4-photoproducts, did not elicit similar DNA damage lesions in these cells (data not shown). Statistical analysis indicated a dramatic increase in γ-H2AX/53BP1 double-positive cells (\>7 double stain) following CITED2 silencing compared to the shControl (Figure [2H](#F2){ref-type="fig"}). The levels of γ-H2AX/53BP1 double-positive cells (\>7 double stain) increased by about six-fold following cisplatin treatment in shCITED2 cells compared to shControl cells. These values were comparable to that measured earlier for γ-H2AX (Figure [2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}).

Ectopic expression of ERCC1 rescues shCITED2-induced DNA damage and cell viability {#SEC3-3}
----------------------------------------------------------------------------------

To assess whether ERCC1 overexpression may rescue shCITED2-modified DNA damage and cell viability, we transfected HEK293 cells with Flag-pcDNA3-ERCC1 cDNA. While γ-H2AX levels increased with cisplatin concentration in shControl cells, forced expression of ERCC1 considerably reduced γ-H2AX in cells expressing shControl (Figure [3A](#F3){ref-type="fig"}, compare lanes 1--3 with 7--9). Ectopic expression of ERCC1 also reduced γ-H2AX levels in shCITED2 cells, with or without cisplatin at 1 μM (Figure [3A](#F3){ref-type="fig"}, compare lanes 4--5 with 10--11). The level of γ-H2AX induced by a high concentration of cisplatin was not reduced by ERCC1 overexpression in these cells (compare lane 6 with 12). However, statistical analysis of three experiments indicated that ERCC1 overexpression significantly reduced damage level compared to control cells treated with a low dose of cisplatin (Figure [3B](#F3){ref-type="fig"}). The role of ERCC1 in DSB repair may be limited to specific DSB-repair pathways (such as single strand annealing), and might not be fully representative of global ERCC1 activity. This possibility might explain why ERCC1 overexpression did not reduce γ-H2AX signals in cells treated with a high dose of cisplatin. Furthermore, ectopic expression of ERCC1 rescued cisplatin-induced cell death in both shControl cells (Figure [3C](#F3){ref-type="fig"}) and shCITED2 cells (Figure [3D](#F3){ref-type="fig"}). The modulation of cell viability by ERCC1 expression appeared to be significant in the range of cisplatin concentration showing comparable cell viability in both types of cells, namely 5--20 μM in shControl cells and 0.5--5 μM in shCITED2 cells.

![Ectopic expression of ERCC1 rescues shCITED2-induced DNA damage and cell viability. (**A**) Overexpression of ERCC1 gene reduced γ-H2AX levels. While ERCC1 expression reduced the DNA damage in both control and cisplatin-treated cells (compare lanes 1--3 and 7--9), ERCC1 expression partly reduced shCITED2 potentiated γ-H2AX levels (compare lanes 5 and 11). (**B**) Quantification of DNA damage shown in (A). (**C**) Protection of cisplatin-induced cell growth inhibition by ERCC1 overexpression. (**D**) Protection of cisplatin-induced and/or shCITED2 sensitized cell death by ERCC1 overexpression.](gkv934fig3){#F3}

Downregulation of cisplatin-induced ERCC1 mRNA expression by CITED2 silencing is attenuated by p53 inhibitor {#SEC3-4}
------------------------------------------------------------------------------------------------------------

To assess the regulatory role of CITED2 silencing on ERCC1 gene expression, we investigated the protein degradation rate of ERCC1. While the level of ERCC1 gradually decreased following cycloheximide treatment in shControl cells, similar protein degradation rates were found in shCITED2 cells (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). Treatment with 10 μM of cisplatin produced a 2.10-fold decrease of ERCC1 mRNA in shCITED2 cells compared to shControl cells (Figure [4C](#F4){ref-type="fig"}, *P* \< 0.01). ERCC1 mRNA increased by 3.22- and 2.06-fold in shCITED2 cells following treatment with 1 and 10 μM cisplatin, respectively (Figure [4C](#F4){ref-type="fig"}). The level of CITED2 silencing in each cell condition was determined (Figure [4D](#F4){ref-type="fig"}). These results suggest that basal level of ERCC1 mRNA is significantly downregulated by CITED2 silencing.

![Silencing of CITED2 downregulates cisplatin-induced ERCC1 mRNA levels which were partly suppressed by the p53 inhibitor PFTα. (**A**) ERCC1 protein instability remained similar in both control and shCITED2-treated cells. Cells were pre-treated with cycloheximide (CHX) for 2 h followed by incubation in CHX-free culture medium for the indicated time. (**B**) Quantification of ERCC1 protein levels shown in (A). ERCC1 protein level was only minimally affected by shCITED2 as indicated by similar curve slopes. (**C**) Reduction of ERCC1 mRNA levels by shCITED2. (**D**) CITED2 mRNA levels remained suppressed by shCITED2. (**E**) Reduction of cisplatin-induced ERCC1 mRNA levels by shCITED2 is less dramatic in the presence of PFTα. Modulation by PFTα was greater at the low cisplatin concentration used. (**F**) CITED2 mRNA remained at low levels following shCITED2 expression. mRNA levels of CITED2 appeared to fluctuated in the presence of PFTα. Fold difference of average mRNA levels and *P*-values are indicated (*n* = 3).](gkv934fig4){#F4}

In response to sub-lethal DNA damage, the cells recruit p53, which is specifically modified ([@B36]). To test whether p53 is involved in the regulation of ERCC transcription, we pre-treated the cells with the p53 inhibitor PFTα. While the basal level of ERCC1 mRNA was reduced 1.2-fold in shControl cells following PFTα treatment, there was a 1.4-fold reduction in shCITED2 cells (Figure [4E](#F4){ref-type="fig"}, *P* = 0.1032 and *P* = 0.0162, respectively). ERCC1 mRNA was downregulated 1.2-fold by CITED2 silencing in both control DMSO and PFTα-treated cells. Interestingly, CITED2 silencing induced a significant reduction of ERCC1 mRNA level in cells treated with 1 μM of cisplatin and PFTα: 2.5- and 1.2-fold reductions of mRNA levels were observed in cells treated with 1 μM of cisplatin (Figure [4E](#F4){ref-type="fig"}, *P* = 0.0022 and *P* = 0.1297, respectively). Similarly, there was a reduction of ERCC1 level from 3.0- to 1.9-fold in cells treated with 10 μM of cisplatin (Figure [4E](#F4){ref-type="fig"}, *P* = 0.0005 and *P* = 0.0206, respectively). These results suggest that p53 may be involved in the transcriptional regulation of the ERCC1 gene, under both basal and DNA-damage induced conditions (i.e. cisplatin), with greater effects observed under induced conditions. Furthermore, CITED2 silencing may impair p53-mediated regulation of ERCC1 expression.

Basal and induced p53 binding to the ERCC1 promoter and transactivation of gene expression are reduced by CITED2 silencing {#SEC3-5}
--------------------------------------------------------------------------------------------------------------------------

To assess whether p53 regulates ERCC1 gene expression, we performed a ChIP assay. A predicted p53-binding site was identified on the ERCC1 promoter, ranging from 348 to 366 bp upstream of the transcription start site (Figure [5A](#F5){ref-type="fig"}, parts of the exons and introns are indicated). A 169-bp PCR product containing the p53-binding site of the ERCC1 promoter (the primers used are indicated in Figure [5A](#F5){ref-type="fig"}) was detected from untreated shControl cells. The p53 binding level was greatly reduced in shCITED2 cells (Figure [5B](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}, *P* \< 0.05). No PCR product that included the p53 binding site was detected in the negative control in samples obtained by precipitation with IgG antibody and exon 4 by precipitation with p53 antibody. p53 binding increased in a concentration-dependent manner in cells treated with cisplatin (Figure [5B](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}). CITED2 silencing caused a significant reduction of p53 binding to the ERCC1 promoter (Figure [5C](#F5){ref-type="fig"}, *P* \< 0.01 and *P* \< 0.005 for 1 and 10 μM treatment, respectively). Furthermore, p53 binding to the ERCC1 promoter was reduced by PFTα under both basal and cisplatin-treated conditions (Figure [5D](#F5){ref-type="fig"} and [E](#F5){ref-type="fig"}). Notably, p53 binding to the ERCC1 promoter was considerably reduced in shCITED2-expressing cells compared to shControl-expressing cells. The level of regulation appeared to be more apparent in cisplatin-treated cells. Furthermore, the ERCC1 promoter assay indicated a dose-dependent induction of luciferase reporter activity (Figure [5F](#F5){ref-type="fig"}, *P* \< 0.005). While basal activity was significantly reduced by CITED2 silencing (*P* \< 0.01), the inducible activity of the promoter was reduced to a level comparable to basal level following CITED2 silencing. Reduction of CITED2 protein level by shCITED2 was also observed in this assay (Figure [5G](#F5){ref-type="fig"}). These results indicate that p53 binding to the ERCC1 promoter can be induced by cisplatin and is also regulated by CITED2 silencing. Cisplatin-induced p53 binding to the ERCC1 promoter and transactivation of ERCC1 expression are significantly reduced by CITED2 silencing.

![Both basal and induced p53 binding to and transaction of ERCC1 promoter are reduced by shCITED2. (**A**) Schematic diagram of the promoter and regions of the ERCC1 gene. p53-binding site, transcription initiation site (+1), and exons are indicated. The positions of PCR primers and elements relative to transcription initiation site are indicated with numbers. (**B**) Representative gel photographs of ChIP PCR products: reduction of p53 binding to ERCC1 the promoter by shCITED2. Chromatin of cells with indicated treatments were immunoprecipitated with p53 antibody or IgG control The co-IP DNA was detected by qRT-PCR for the p53 binding region (ERCC1) or negative control region (Exon 4). (**C**) Quantification of ChIP DNA from (B) by qRT-PCR: reduction of p53 binding to the ERCC1 promoter following shCITED2 expression. The values of PCR products were normalized to individual input. (**D**) Representative gel photographs of ChIP PCR products: reduction of p53 binding to ERCC1 promoter by PFTα is partly prevented by shCITED2. Other symbols are the same as in (B). (**E**) Quantification of ChIP DNA from (D) by qPCR: reduction of p53 binding to ERCC1 promoter by PFTα is partly prevented by shCITED2. Fold difference of average mRNA levels and *P*-values are indicated (*n* = 3). (**F**) Cisplatin-induced ERCC1 promoter activity was reduced by shCITED2 expression. Results were presented as the luciferase activity normalized to β-gal activity as internal control for each treatment. (**G**) Representative immunoblots of proteins for experiment shown in (F).](gkv934fig5){#F5}

CITED2 silencing regulates ERCC1 expression and cell viability in p53-null H1299 cells {#SEC3-6}
--------------------------------------------------------------------------------------

To further assess the involvement of p53 in ERCC1 transcription and cell viability in response to CITED2 silencing, we monitored cellular response in p53-null H1299 cells. Ectopic expression of p53 upregulated ERCC1 protein expression in H1299 cells (Figure [6A](#F6){ref-type="fig"}, lanes 2, 4, 6, 8, 10 and 12 versus lanes 1, 3, 5, 7, 9 and 11, respectively). In contrast, γ-H2AX levels were reduced by p53 overexpression in these cells. ERCC1 protein levels were reduced by CITED2 silencing in both untreated and cisplatin-treated H1299 cells, whereas γ-H2AX levels were induced (Figure [6A](#F6){ref-type="fig"}--[C](#F6){ref-type="fig"}). Furthermore, the viability of H1299 cells was reduced by CITED2 silencing (Figure [6D](#F6){ref-type="fig"}, SF~50~ = 3.6). Ectopic expression of p53 further sensitized the cells to cisplatin (SF~50~ = 5.2). However, expression of mutant p53 did not affect the effects of CITED2 silencing on cell viability in response to the drug (SF~50~ = 3.0). Unlike HEK293 cells, H1299 cells did not display significant induction of ERCC1 mRNA following cisplatin treatment (Figure [6E](#F6){ref-type="fig"}). ERCC1 mRNA levels were dramatically induced by cisplatin in H1299 cells following p53 overexpression. Silencing of CITED2 reduced ERCC1 mRNA level slightly more in cisplatin-induced conditions compared to basal levels (Figure [6E](#F6){ref-type="fig"}, 2.08- and 2.86-fold for induced conditions compared to 1.58-fold for basal conditions). In the presence of p53 overexpression, CITED2 silencing produced an even greater reduction of cisplatin-inducible ERCC1 mRNA levels than the basal level (3.54- and 4.24-fold for induced conditions compared to 1.45-fold for basal levels). The level of CITED2 mRNA following CITED2 silencing was also monitored (Figure [6F](#F6){ref-type="fig"}). Furthermore, the ERCC1 promoter assay indicated an induction of the promoter activity by wild-type p53 in unstressed cells, but not by mutant p53, and this effect was dramatically reduced by CITED2 silencing (Figure [6G](#F6){ref-type="fig"}, *P* \< 0.05). Cisplatin-induced promoter activity was also reduced by CITED2 silencing in p53-expressing cells (*P* \< 0.005). Minimal promoter activity which was induced by cisplatin was also reduced by CITED2 silencing. The level of ERCC1 promoter activity regulated by p53 was significantly reduced in cisplatin-treated and untreated H1299 cells in the presence of PFTα (Figure [6H](#F6){ref-type="fig"}, *P* \< 0.01 and *P* \< 0.005, respectively). These results indicate that basal and inducible expression of ERCC1 can be regulated by exogenous p53, and that silencing of CITED2 impairs the upregulation of ERCC1 in this cell system.

![Regulation of ERCC1 expression and cell viability by CITED2 silencing in p53-null H1299 cells. (**A**) Reduction of ERCC1 protein level and induction of γ-H2AX levels by CITED2 silencing were partly reversed by ectopic expression of p53. (**B**) Quantification of ERCC1 protein levels in (A). (**C**) Quantification of γ-H2AX levels of (A). (**D**) Potentiation of CITED2 silencing-reduced cell viability by ectopic expression of p53. SF~50~ values are indicated. (**E**) Reduction of ERCC1 mRNA levels by CITED2 silencing in H1299 cells in the absence or presence of p53. (**F**) The efficacy of CITED2 silencing of (E). (**G**) Reduction of p53 activated ERCC1 promoter activity by CITED2 silencing. H1299 cells, with CITED2 silencing or not, were co-transfected with luciferase reporter plasmid and p53 plasmids, in the absence or presence of cisplatin. (**H**) Reduction of induced ERCC1 promoter activity by p53 inhibitor. *P*-values are indicated in (B, C and E).](gkv934fig6){#F6}

CITED2 silencing reduces both chromatin relaxation and H3Ac/p53 complex binding on the ERCC1 promoter {#SEC3-7}
-----------------------------------------------------------------------------------------------------

Previous studies have shown that histone modifications induced by DNA damage, such as acetylation and deacetylation, are involved in both DNA repair and gene transcription ([@B67]). To assess whether chromatin relaxation is involved in the regulation of ERCC1 gene expression, we examined the status of representative histone modifications. While overall acetylation of H3 and H4 increased in shControl cells following cisplatin treatment (Figure [7A](#F7){ref-type="fig"}, lanes 1--3), both basal and cisplatin-induced H3Ac and H4Ac levels were down-regulated by CITED2 silencing (Figure [7A](#F7){ref-type="fig"}, compare lanes 1--3 with lanes 4--6). Specifically, acetylation of H3K9 and H3K14 was induced following cisplatin treatment. On the other hand, acetylated H3K9 and H3K14 signals were reduced by CITED2 silencing. Nevertheless, methylation of these proteins (H3K4Me and HeK9Me2) remained unchanged. While the level of the acetyltransferase p300 increased in shControl cells following cisplatin treatment, CITED2 silencing moderately reduced p300 levels (Figure [7A](#F7){ref-type="fig"}, compare lanes 1--3 with 4--6). Reduction of chromatin relaxation, as shown by histone acetylation, is probably caused by loss of p300 activity following CITED2 silencing. Treatment with the HDAC inhibitor trichostatin A (TSA) resulted in increase of basal and cisplatin-induced p53 binding to the ERCC1 promoter (Figure [7B](#F7){ref-type="fig"} and [C](#F7){ref-type="fig"}). While the basal level of p53 binding to the ERCC1 promoter was slightly reduced by CITED2 silencing (1.86-fold, *P* = 0.0032), inducible p53 binding was dramatically reduced (3.17- and 5.78-fold for 1 and 10 μM treatment, respectively). Suppression of p53 binding to the ERCC1 promoter (induced by CITED2 silencing) was greatly reduced in cisplatin-treated cells following treatment with TSA (2.81- and 2.42-fold for 1 and 10 μM treatment, respectively, compared to 3.83-fold for untreated cells). These results indicate that reduction of p53 binding to the ERCC1 promoter following CITED2 silencing is less effective in cells in which chromatin is in a relaxed state (induced by TSA treatment). We also noted that DMSO treatment increased p53 binding to the ERCC1 promoter in cisplatin-treated shControl cells. This observation may be explained by a change in p53 conformation or 'supercharging' induced by DMSO as described earlier for other proteins ([@B68]). Furthermore, while re-ChIP analysis indicated that H3K9Ac/p53 binding to the ERCC1 promoter was induced by cisplatin, silencing of CITED2 dramatically inhibited the binding (Figure [7D](#F7){ref-type="fig"}, *P* \< 0.01). Similar analysis for H3K14Ac/p53 binding to the ERCC1 promoter indicated that both basal and induced binding were impaired by CITED2 silencing (Figure [7E](#F7){ref-type="fig"}, *P* \< 0.05 and *P* \< 0.005, respectively). These results indicate that silencing of CITED2 reduces both chromatin relaxation and H3Ac/p53 binding on the ERCC1 promoter.

![Silencing of CITED2 reduces both chromatin relaxation and H3Ac/p53 complex loading on the ERCC1 promoter. (**A**) Reduction of chromatin relaxation markers following CITED2 silencing. HEK293 cells receiving the indicated treatments were processed for immunoblotting. (**B**) Enhanced p53 binding to the ERCC1 promoter following treatment with TSA. (**C**) Quantification of enhanced p53 binding to the ERCC1 promoter by TSA shown in (B). (**D**) Suppression of H3K9Ac/p53 binding to ERCC1 promoter by shCITED2. (**E**) Suppression of H3K14Ac/p53 binding to ERCC1 promoter by shCITED2.](gkv934fig7){#F7}

Overexpression of CITED2 rescues shCITED2-induced effects on cell viability, ERCC1 and p300 expression, chromatin relaxation, and H3Ac/p53 complex loading on the ERCC1 promoter {#SEC3-8}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To assess whether the sensitizing effects of CITED2 silencing are due to loss of CITED2, we ectopically expressed CITED2 in cisplatin-treated HEK293 cells. Sensitization of HEK293 cells to cisplatin following CITED2 silencing (SF~50~ = 3.26) was rescued by ectopic expression of CITED2 (RF~50~ = 1.52) (Figure [8A](#F8){ref-type="fig"}). Suppression of cisplatin-induced ERCC1 and p300 by CITED2 silencing (Figure [8B](#F8){ref-type="fig"}, lanes 1--6) was also rescued by ectopic expression of CITED2 (Figure [8B](#F8){ref-type="fig"}, compare lanes 4--6 with lanes 10--12). Similarly, reduction of chromatin relaxation markers (H3K9Ac and H3K14Ac) following CITED2 silencing was rescued by CITED2 overexpression. On the other hand, accumulation of cisplatin-induced γ-H2AX levels following CITED2 silencing was reduced by ectopic expression of CITED2 (protein level quantification is shown in Supplementary Figure S1A--C). Reduction of ERCC1 and p300 mRNA levels following CITED2 silencing was also rescued by ectopic expression of CITED2 (Figure [8C](#F8){ref-type="fig"} and [D](#F8){ref-type="fig"}). The changes in the level of CITED2 mRNA are shown in Figure [8E](#F8){ref-type="fig"}.

![Overexpression of CITED2 rescues shCITED2-induced effects on cell viability, ERCC1 and p300 expression, chromatin relaxation and H3Ac/p53 complex loading on the ERCC1 promoter. (**A**) Sensitization of HEK293 cells to cisplatin following shCITED2 expression is rescued by ectopic expression of CITED2. (**B**) Reduction of chromatin-relaxation markers following CITED2 silencing is rescued by ectopic expression of CITED2. HEK293 cells receiving the indicated treatments were processed for immunoblotting. Quantification of protein levels is shown in Supplementary Figure S1A--C. (**C**) Reduction of ERCC1 mRNA level following CITED2 silencing is rescued by ectopic expression of CITED2. (**D**) Reduction of p300 mRNA level following CITED2 silencing is rescued by ectopic expression of CITED2. (**E**) Changes in the CITED2 mRNA level following CITED2 silencing and/or ectopic expression of CITED2. (**F**) Suppression of p53 binding to ERCC1 promoter by shCITED2 is rescued by ectopic expression of CITED2. (**G**) Suppression of H3K9Ac/p53 binding to the ERCC1 promoter by shCITED2 is rescued by ectopic expression of CITED2. (**H**) Suppression of H3K14Ac/p53 binding to the ERCC1 promoter by shCITED2 treatment is rescued by ectopic expression of CITED2. (**I**) Reduction of cisplatin-induced ERCC1 promoter activity by shCITED2 is rescued by ectopic expression of CITED2. Results are presented as luciferase activity normalized to β-gal activity as internal control for each treatment. The symbols are the same as in Figure [7](#F7){ref-type="fig"}. Fold difference of average levels and *P-*values are indicated (*n* = 3).](gkv934fig8){#F8}

Furthermore, suppression of p53 binding to the ERCC1 promoter following silencing of CITED2 was rescued by ectopic expression of CITED2 (Figure [8F](#F8){ref-type="fig"} shows quantified data; representative gels of ChIP PCR products are shown in Supplementary Figure S1D). Suppression of H3K9Ac/p53 or H3K14Ac/p53 binding to the ERCC1 promoter following shCITED2 treatment was rescued by ectopic expression of CITED2 (Figure [8G](#F8){ref-type="fig"} and [H](#F8){ref-type="fig"}). Further supporting these data, we also found that reduction of cisplatin-induced ERCC1 promoter activity following CITED2 silencing was rescued by CITED2 overexpression (Figure [8I](#F8){ref-type="fig"}). Cell immunofluorescence assays also indicated that accumulation of cisplatin-induced γ-H2AX/53BP1 double-positive cells following CITED2 silencing was rescued by ectopic expression of CITED2 (Supplementary Figure S3). These results suggest that CITED2 silencing caused sensitization to cisplatin and that this result may be due to reduction of ERCC1 expression, especially at the transactivation level. Moreover, reduction of ERCC1 expression appears to be associated with impairment of chromatin relaxation and p53 binding to the gene promoter.

Reduction of p300 following CITED2 silencing impairs H3KAc/p53 complex binding on the ERCC1 promoter {#SEC3-9}
----------------------------------------------------------------------------------------------------

To assess the role of p300 which is reduced following silencing of CITED2, we treated HEK293 cells with shCITED2 in the presence or absence of cisplatin, and observed a dramatic reduction of p300 mRNA and protein (Figures [7A](#F7){ref-type="fig"} and [9A](#F9){ref-type="fig"}). Specific knockdown of p300 with shRNA caused a moderate inhibition of ERCC1 protein, especially in cisplatin-treated cells (Figure [9B](#F9){ref-type="fig"}). We observed that p300 protein level increased in cisplatin-treated cells (Figure [9B](#F9){ref-type="fig"}, lanes 1--3). As seen for CITED2 silencing, the mRNA level of ERCC1 was dramatically suppressed by silencing of p300, in both untreated and cisplatin-treated cells (Figure [9C](#F9){ref-type="fig"}). More than 50% of p53 binding to the ERCC1 promoter was inhibited in unstressed cells, as revealed by ChIP assay, and an even larger inhibition was found in cisplatin-treated cells (Figure [9D](#F9){ref-type="fig"}). Under the same conditions, binding of acetylated histone 3 (H3K9Ac and H3K14Ac) to the ERCC1 promoter was dramatically inhibited by p300 silencing (Figure [9E](#F9){ref-type="fig"} and [F](#F9){ref-type="fig"}). We further assessed the modified H3/p53 complex on binding to the ERCC1 promoter by re-ChIP assay. Notably, while H3K9Ac/p53 complex binding to the ERCC1 promoter was greatly reduced by p300 silencing in cisplatin-treated cells, it was not affected in untreated cells (Figure [9G](#F9){ref-type="fig"}). In contrast, H3K14Ac/p53 binding to the ERCC1 promoter was dramatically reduced by p300 silencing in the presence or absence of cisplatin (Figure [9H](#F9){ref-type="fig"}). The inhibition effects produced by p300 silencing were similar as that seen following CITED2 silencing (Figure [7D](#F7){ref-type="fig"} and [E](#F7){ref-type="fig"}).

![Silencing of p300 reduces chromatin relaxation, H3Ac/p53 complex loading on the ERCC1 promoter and sensitizes cells to cisplatin. (**A**) Silencing efficacy of CITED2 by shRNA. p300 mRNA levels were determined in untreated or cisplatin-treated HEK293 cells. (**B**) Reduction of ERCC1 protein levels following silencing of p300. Quantification of p300 protein levels of (A) is shown. (**C**) Reduction of ERCC1 mRNA levels following p300 silencing. Quantification of p300 mRNA levels of (A) is shown in the right panel. (**D**) ChIP data indicating reduced binding of p53 to the ERCC1 gene following p300 silencing. Representative PCR product levels are shown on top. The binding level of triplicates was presented as described in Figure [5](#F5){ref-type="fig"}. (**E**) Reduced binding of H3K9Ac to ERCC1 gene following p300 silencing. (**F**) Reduced binding of H3K14Ac to ERCC1 gene following p300 silencing. (**G**) Reduced binding of H3K9Ac/p53 to ERCC1 gene following p300 silencing. (**H**) Reduced binding of H3K14Ac/p53 to ERCC1 gene following p300 silencing. (**I**) Sensitization of HEK293 cells to cisplatin following shp300 expression is rescued by ectopic expression of ERCC1.](gkv934fig9){#F9}

To further assess the role of p300 in modulating cisplatin-induced cell death, we treated HEK293 cells with shp300, with or without transfection of the ERCC1 expression plasmid. Silencing of p300 sensitized the cells to cisplatin (Figure [9I](#F9){ref-type="fig"}, SF~50~ = 1.43). This effect was rescued by overexpression of ERCC1 (resistance factor, RF~50~ = 1.51). Taken together, these results indicate that p300 which is regulated by CITED2 plays a role in regulating chromatin relaxation, through selective modification of histones, formation of p53 complex binding to the ERCC1 promoter and regulation of ERCC gene expression and cell sensitivity to genotoxic agents like cisplatin.

CITED2 silencing impairs ERCC1 expression, DNA repair and cell viability in cancer HeLa cells {#SEC3-10}
---------------------------------------------------------------------------------------------

To assess whether ERCC1 expression, DNA repair and cell viability are also impaired by CITED2 silencing in cancer cells, we used HeLa cells since CITED2 was initially identified as a cisplatin resistance gene in this cell model ([@B56]). As in HEK293 cells, HeLa cells in which CITED2 was silenced (Figure [10A](#F10){ref-type="fig"}) displayed a dramatic increase of γ-H2AX (Figure [10B](#F10){ref-type="fig"}, compare lanes 1 and 4; Figure [10C](#F10){ref-type="fig"}). Meanwhile, the level of ERCC1 was moderately reduced by CITED2 silencing in these cells. DNA damage level significantly increased following CITED2 silencing in cells exposed to either 1 or 10 μM of cisplatin (Figure [10B](#F10){ref-type="fig"} and [C](#F10){ref-type="fig"}, *P* \< 0.01 and *P* \< 0.001, respectively). While DNA damage level slightly increased following cisplatin treatment in shControl cells, ERCC1 protein level was reduced by about 50% in cells expressing shCITED2 (Figure [10B](#F10){ref-type="fig"} and [D](#F10){ref-type="fig"}, *P* \< 0.01). p300 protein level was also reduced in cells expressing shCITED2 (Figure [10B](#F10){ref-type="fig"} and [E](#F10){ref-type="fig"}). Furthermore, ERCC1 and p300 mRNA levels (both basal and cisplatin-induced) were considerably downregulated by shCITED2 in HeLa cells (Figure [10F](#F10){ref-type="fig"} and [G](#F10){ref-type="fig"}, respectively). Unlike HEK293 cells, HeLa cells showed slightly induced CITED2 mRNA levels in the presence of cisplatin (compare Figure [4D](#F4){ref-type="fig"} and 10A). Nevertheless, CITED2 mRNA levels were reduced by CITED2 silencing in both cell lines. CITED2 silencing also caused a dramatic reduction in cell viability in HeLa cells (Figure [10H](#F10){ref-type="fig"}, SF~50~ = 1.43). Induction of resistance of the cells to cisplatin following shCITED2 expression was partly rescued by ERCC1 overexpression (Figure [10H](#F10){ref-type="fig"}, RF~50~ = 1.41). Furthermore, ERCC1 and p300 protein levels (both basal and cisplatin-induced) were considerably down-regulated by shp300 in HeLa cells (Figure [10I](#F10){ref-type="fig"} and [J](#F10){ref-type="fig"}). Silencing of p300 caused a dramatic reduction in cell viability in HeLa cells (Figure [10K](#F10){ref-type="fig"}, SF = 1.23). Cell viability was rescued by overexpression of ERCC1 (RF~50~ = 1.32) (Figure [10K](#F10){ref-type="fig"}). These results indicate that the cisplatin-sensitizing effects of shCITED2 occur through loss of p300 and ERCC1. Furthermore, suppression of ERCC1 and p300 protein levels and chromatin-relaxation markers following CITED2 silencing (Figure [10L](#F10){ref-type="fig"}, lanes 1--6) was rescued by ectopic expression of CITED2 in HeLa cells (Figure [10L](#F10){ref-type="fig"}, compare lanes 4--6 with lanes 10--12). As seen in HEK293 cells, CITED2 silencing induced accumulation of γ-H2AX in HeLa cells (Figure [10](#F10){ref-type="fig"}, compare lanes 1--3 with lanes 4--6). Also, the ectopic expression of CITED2 was rescued the changes in γ-H2AX levels (compare lanes 4--6 with lanes 10--12; quantification of these proteins is shown in Supplementary Figure S2A--C). Reduction of ERCC1 and p300 mRNA levels following shCITED2 treatment was rescued by ectopic expression of CITED2 (Supplementary Figure S2D and E). Cell immunofluorescence assays also indicated that accumulation of cisplatin-induced γ-H2AX/53BP1 double-positive cells by CITED2 silencing was rescued by ectopic expression of CITED2 in HeLa cells (Supplementary Figure S4). These results suggest that CITED2 silencing causes sensitization of HeLa cells to cisplatin by reducing ERCC1 expression and by impairing DNA repair, a mechanism also seen in HEK293 cells.

![Silencing of CITED2 impairs p300 and ERCC1 protein levels, increases DNA damage and reduces cell viability in cancer HeLa cells. (**A**) Silencing efficacy of CITED2 by shRNA. (**B**) Inhibition of p300 and ERCC1 protein levels and accumulation of γ-H2AX levels following CITED2 silencing. (**C**) Quantification of accumulation of γ-H2AX levels following CITED2 silencing as shown in (B). (**D**) Quantification of reduction of ERCC1 protein levels following CITED2 silencing in (A). (**E**) Quantification of reduction of p300 protein levels following CITED2 silencing as shown in (A). (**F**) Inhibition of ERCC1 mRNA levels by CITED2 silencing. (**G**) Inhibition of p300 mRNA levels following CITED2 silencing. (**H**) Potentiation of cisplatin induced inhibition of cell viability by CITED2 silencing and rescued by ectopic expression of ERCC1. (**I**) Inhibition of ERCC1 protein levels following p300 silencing. (**J**) Quantification of ERCC1 and p300 protein levels following p300 silencing as shown in (I). (**K**) Potentiation of cisplatin-induced inhibition of cell viability by p300 silencing and rescue by ectopic expression of ERCC1. (L) Reduction of ERCC1, p300 and chromatin-relaxation markers following CITED2 silencing is rescued by ectopic expression of CITED2. HeLa cells receiving the indicated treatments were processed for immunoblotting. Quantification of protein levels is shown in Supplementary Figure S2A--C.](gkv934fig10){#F10}

CITED2 silencing potentiates cisplatin-induced inhibition of CDX tumor growth in mice {#SEC3-11}
-------------------------------------------------------------------------------------

To assess the inhibitory effect of CITED2 *in* *vivo*, we established HeLa cell CDX tumors in RAG2-deficient mice. CITED2 silencing reduced tumor size at day 7 following implantation (Figure [11A](#F11){ref-type="fig"} shows representative samples; Figure [11B](#F11){ref-type="fig"} shows statistical analysis of 12 mice). The growth rate of CDX tumors appeared to be same in the two sets of mice. Following cisplatin treatment, CDX tumor size was dramatically reduced in shCITED2 mice (Figure [11C](#F11){ref-type="fig"}). Immunohistochemistry staining revealed that while ERCC1 was dramatically reduced in shCITED2 tumors compared to shControl tumor, γ-H2AX levels were clearly enhanced in shCITED2 tumors (Figure [11D](#F11){ref-type="fig"}). Hematoxylin and eosin (H&E) and CITED2 staining was also performed in these representative samples. Although the level of ERCC1 did not increase significantly in cisplatin-treated tumor cells compared to untreated tumor cells, γ-H2AX levels appeared to increase in response to cisplatin. Western blotting also revealed downregulation of ERCC1 following CITED2 silencing (Figure [11E](#F11){ref-type="fig"}, compare lanes 1--4 with 5--8). Cisplatin-induced γ-H2AX levels further increased in response to CITED2 silencing (Figure [11E](#F11){ref-type="fig"}, compare lanes 1--2 with 3--4 for induction by cisplatin; compare lanes 3--4 with 7--8 for enhancement by CITED2 silencing). The expression level of these proteins was quantified (Figure [11F](#F11){ref-type="fig"}), which indicated that CITED2 silencing caused a downregulation of ERCC1 expression, while reduced DNA damage levels were still observed *in* *vivo*. These results reveal that sensitization of CDX tumors to cisplatin can be achieved by combination of cisplatin and CITED2 shRNA in mice.

![Silencing of CITED2 potentiates inhibition of CDX tumor growth by cisplatin in mice. (**A**) Representative tumor size excised 7 days after cisplatin treatment. Size reference (cm) is indicated at the bottom. (**B**) Reduced growth rate of HeLa cells expressing shCITED2. Compared to the tumorigenic cells expressing shControl, the tumorigenic HeLa cells that expressed shCITED2 grew slower, starting 23 days post-inoculation in RAG2-deficient mice. (**C**) Kinetic changes in tumor size of CDX following repeated cisplatin injections. Average tumor size was calculated from tumors of six mice for each time point. (**D**) Detection of CITED2 in shControl and shCITED2 mouse tissues by immunohistochemistry. (a, a') H&E staining of shControl mouse tissues with or without cisplatin treatment. (b, b') H&E staining of shCITED2 mouse tissues with or without cisplatin treatment. (c, c') ERCC1 detection of shControl mouse tissues. (d, d') ERCC1 protein levels of shCITED2 mouse tissues. (e, e') DNA damage (γ-H2AX) in shControl mouse tissues. (f, f') DNA damage (γ-H2AX) detection of shCITED2 mouse tissues. (g, g') CITED2 detection of shControl mouse tissues. (h, h') CITED2 protein levels of shCITED2 mouse tissues. Positive staining (brown) in tumor tissues is shown. Size reference (10 μm) is indicated. (**E**) Cisplatin-induced DNA damage (γ-H2AX) levels are dramatically enhanced following silencing of CITED2 as revealed by western blotting of mouse tumors. (**F**) Quantification of (E). ERCC1 protein levels were reduced by shCITED2. (**G**) Working model of CITED2/p300/H3ac/p53 in the regulation of ERCC1 expression. CITED2/p300/H3ac/p53 play a positive role in regulating ERCC1 expression. In case of stressed cells, p53 activation by DNA damage may further amplify the regulatory effect depending on the level of damage. In response to sub-lethal damage, activated p53 recruits CITED2/p300 acetylated H3 (H3K9Ac, H3K14Ac) and may target genes like ERCC1 for expression to repair DNA damage, leading to anti-apoptosis effects. Accordingly, cancer cells receiving low levels of cytotoxic agents during chemotherapy may acquire upregulation of CITED2, providing the opportunity of gaining resistance to the drug. This model also illustrates that the H3K14Ac/p53 complex targets ERCC1 gene in response to both non-damage and DNA damage signals. H3K9Ac/p53 complex targets to the ERCC1 gene in response to DNA damage signal.](gkv934fig11){#F11}

DISCUSSION {#SEC4}
==========

In this study, we found that silencing of CITED2/p300 can downregulate ERCC1 gene expression in both HEK293 and HeLa cells. The downregulation of this DNA repair gene is associated with accumulation of DNA damage in both basal and cisplatin-induced conditions, and with reduced cell viability. The negative regulatory effects of CITED2/p300 silencing can be largely reversed by ectopic expression of ERCC1. These results suggest that CITED2/p300, a chromatin modulator, is involved in cisplatin-induced DDR which requires p53 activation and expression of DNA repair gene. Accordingly, CITED2 plays an important role in bridging chromatin remodulation and p53-mediated transcriptional initiation of DNA repair genes, a process which may be determinant for the cell response to genotoxic agents. In addition, the cisplatin-sensitizing effects of CITED2 silencing could be reproduced in CDX tumors in mice, showing the possible clinical relevance of our observations.

Our results demonstrate that CITED2 silencing by shRNA impairs p53 binding to the ERCC1 promoter, leading to reduced ERCC1 mRNA expression. This observation is supported by the result that impairment of p53 activity by a chemical inhibitor (i.e. PFTα) reduced the expression level of ERCC1 mRNA. It is widely accepted that the activation of p53 can lead to cell-cycle arrest or apoptosis, depending on the genotoxic agent and the subsequent post-translational modifications observed ([@B69]). For example, phosphorylation of p53 at the N-terminal region leads to recruitment of CBP/p300 and PCAF to p53-responsive elements on the chromatin, resulting in the acetylation and stabilization of p53 ([@B41],[@B43],[@B44]). We have previously found that CITED2 silencing enhanced p53 acetylation (Lys373) in HEK293 cells, leading to a decrease of p53 ubiquitination and subsequent accumulation of p53 protein ([@B55]). In this study, we demonstrated that CITED2/p300 modified the binding of the H3/p53 complex to the ERCC1 promoter in order to regulate gene expression and DNA repair, as well as sensitivity to cisplatin. Furthermore, p53-dependent regulation of ERCC1 gene expression by CITED2 silencing was observed in H1299 cells (p53-null) in which exogenous p53 was expressed. These results demonstrated that p53 is involved in mediating the effects of CITED2 silencing on ERCC1 expression. However, the effects of CITED2 silencing on ERCC1 expression were also observed in H1299 cells in the absence of p53, suggesting possible p53-independent modes of regulation.

Previous studies have shown that upregulation of ERCC1 mRNA is dependent on AP-1 in ovarian cancer cells exposed to either cisplatin or phobol ester ([@B70],[@B71]). In comparison, upregulation of ERCC1 mRNA requires GATA in EGF-stimulated hepatoma cells ([@B72]) while the same process is dependent on p38β activity in cisplatin-treated lung cancer cells ([@B73]). These results suggest that the ERCC1 gene may be activated by various transcription factors via multiple pathways that depend on the specific cellular stimuli and the type of cells involved. The involvement of p53 in inducing ERCC1 expression as observed in the present study further extends the list of genetic factors that control expression of this critical DNA repair gene. The p53-independent pathways involved in ERCC1 upregulation (which is often found in cancer cells) may include AP-1 and others.

We have demonstrated that p53-dependent ERCC1 expression plays a vital role in DNA damage and repair, and subsequent in cell viability. Regulation of this protective protein is especially apparent at low level of DNA damage which is found in p53-null cells, suggesting a p53-independent mechanism of expression (Figure [6](#F6){ref-type="fig"}). Accordingly, inhibition of p53 activity lowers ERCC1 level and sensitizes the cells to DNA damage-induced cell death. However, PFT-α, a p53 inhibitor, protects the cells from DNA damage-induced apoptosis by a p53-independent mechanism that takes place downstream of mitochondrial activity and which might involve cyclin D1 ([@B74]). Activation of p53 can lead to cell-cycle arrest or apoptosis, depending on the genotoxic agents, damage level and the subsequent post-translational modifications observed ([@B69]). Such response to DNA damage will be impaired in cells that lack p53 activity. Therefore, the role of p53-independent CITED2/p300/ERCC1 expression in DNA damage-induced apoptosis may be more complex than previously thought.

CBP/p300 acts as a protein scaffold upon which a multicomponent transcriptional regulatory complex can be built, thereby connecting different sequence-specific transcription factors such as p53 to the transcription apparatus ([@B75]). This protein complex also provides HAT activity, which endows these proteins with the capacity to influence chromatin activity by modulating nucleosomal histones ([@B75]). Furthermore, global assessment of the p300 HAT transcriptome in human melanoma identified functional roles in promoting chromatin assembly, activation of DNA repair pathways and cell cycle progression through direct transcriptional regulatory mechanisms ([@B76]). In this study, we demonstrated that silencing of CITED2/p300 caused a dramatic reduction of histone relaxation markers, such as H3K9ac and H3K14ac, which were associated with reduced binding of p53 to the ERCC1 promoter. Indeed, silencing of CITED2 exerted similar negative effects on H3K9ac and H3K14ac in targeting the ERCC1 promoter as did p300 silencing (Figure [7D](#F7){ref-type="fig"}, [E](#F7){ref-type="fig"} and Figure [9G](#F9){ref-type="fig"} and [H](#F9){ref-type="fig"}). Both CITED2 silencing and p300 silencing caused H3K9ac/p53 complex binding in response to DNA damage and H3K14ac/p53 complex binding in response to both non-damaged and damaged DNA (Figure [11G](#F11){ref-type="fig"}). These results indicate that the effects of CITED2 silencing on ERCC1 expression are mediated through p300 and p53 activities. Furthermore, p53 binding to ERCC1 promoter was moderately enhanced by TSA (an HDAC inhibitor), and this effect was suppressed by CITED2 silencing. Thus, the regulation of ERCC1 expression by CITED2 involves regional targeting by H3Kac/p53, rather than global expression levels of H3Kac along the genome. Together, these results support the notion that regulation of ERCC1 gene expression in response to cisplatin is tightly regulated by p53 and epigenetic factors.

Though most histone modifications do not change appreciably in response to genotoxic stress, the steady-state levels of H3K9 and H3K56 acetylation reversibly decreased in human osteosarcoma (U2OS) cells following DNA damage induced by hydroxyurea or phleomycin ([@B77]). However, we found an increase of H3ac in non-cancer HEK293 cells treated with cisplatin, while H3K9ac remained unchanged in these cells (Figure [7A](#F7){ref-type="fig"}). The regulatory effects of CITED2/p300 silencing on chromatin relaxation are unlikely to involve changes in H3K56ac levels since H3K56 has been shown to be acetylated by the HAT GCN5/KAT2A ([@B77]). These results suggest that acetylation/deacetylation of histones plays an important role in cell response to DNA damage, depending on the types of damage and cells. CITED2 physically interacts with CBP/p300 ([@B48]) and silencing of either CITED2 or p300 produced similar effects on H3 acetylation and on the formation of p53-containing protein complex on the ERCC1 promoter. These results suggest that the regulatory effects of CITED2 silencing on ERCC1 expression may require p300 activity.

While H3 level may be slightly reduced by CITED2 silencing, H3K9me2 is increased by cisplatin in shCITED2 cells (Figure [7A](#F7){ref-type="fig"}). Earlier studies have demonstrated that upregulation of H3K9me2 is associated with inhibition of DSB repair induced by either γ--irradiation or doxorubicin ([@B78],[@B79]). Increase of H3K9me2 by cisplatin in shCITED2 cells may be involved in the inhibition of DSB repair and may lead to enhanced cytotoxicity.

Unlike the direct DSBs induced by IR which are predominately repaired by non-homologous end joining mechanisms, cisplatin-induced inter-strand crosslinks and other replication-associated DSBs require HR for repair ([@B80],[@B81]). Cells defective in ERCC1, XPF or components of HR are sensitive to cell killing by ICL-inducing chemotherapeutic agents such as cisplatin. It appears that both unrepaired inter-strand crosslinks (and probably their associated DSBs) constitute the major cytotoxic lesions induced by inter-strand crosslinks agents ([@B81]--[@B84]). In this context, cisplatin induced inter-strand crosslinks which comprise only 8--10% of lesions, and these are relevant for causing apoptosis. In this study, we found high levels of γ-H2Ax in cells following CITED2 silencing even in unstressed cells. Induced inter-strand crosslinks and associated DSBs are unrepaired and probably lead to ROS accumulation in replicating cells. Furthermore, these damages were dramatically reduced and cell viability increased following ectopic expression of ERCC1 in cisplatin-treated cells. ERCC1 may be indirectly involved in repair of DSBs. It has been demonstrated that increased repair of inter-strand crosslinks, as measured by the comet assay, contributes to clinically acquired resistance to melphalan in multiple myeloma and platinum in ovarian tumor cells ([@B85],[@B86]). In terms of DNA repair, this method appears to measure the initial rate of inter-strand crosslink unhooking by ERCC1-XPF since cells with defective ERCC1 or XPF show decreased unhooking and increased cellular sensitivity ([@B81]--[@B83]). Accordingly, impaired removal of DSBs in cisplatin-treated cells following CITED2 silencing is regulated by defects in the early stage of inter-strand crosslinks repair due to ERCC1 deficiency. This observation may partly explain that the expression level of ERCC1 as regulated by CITED2 plays an important role in DDR to cisplatin. γ-H2Ax is only important during repair of DSBs or ROS, and has very limited functional importance during the DDR after cisplatin damage in which DSBs are not the major lesions ([@B87]). In this study, however, silencing of CITED2 significantly increased γ-H2Ax levels and impaired its removal in HEK293 and HeLa cells. CITED2 silencing may interfere with cell replication and lead to accumulation of ROS, leading to the formation of DSBs in these cells. Alternatively (or additionally), CITED2 silencing may potentiate accumulation of significant DSBs in response to cisplatin through HR processing of inter-strand crosslinks components, although the quantity of γ-H2Ax directly generated by cisplatin may show little relation to its functional importance.

Nevertheless, our results strongly suggest that the CITED2/p300/H3ac/p53 pathway plays an important role in regulating ERCC1 expression. In the case of cisplatin-stressed cells, p53 activation by DNA damage signals may further amplify the regulatory effect depending on the level of damage. In response to sub-lethal DNA damage, CITED2 recruits p53, which is specifically modified (for instance, by phosphorylation at S15; data not shown), and along with chromatin relaxation such as H3K9ac may target genes like ERCC1 to repair DNA damage (Figure [11](#F11){ref-type="fig"}). Accordingly, cancer cells receiving low levels of cytotoxic agents during chemotherapy may acquire upregulation of CITED2, giving them the opportunity to gain resistance to the drug. Other repair genes such as RAD51, which is also regulated by CITED2 silencing and which participates in DNA repair in our cell system (data not shown), could not be ruled out as another possible protein mediating the effects of CITED2 silencing. Epigenetic regulation of DNA repair is not limited to cisplatin-induced DNA damage as presented in this study. For example, H3K9ac is increased by the acetyltransferase GCN5 in TFTC and STAGA complexes following UV exposure, which stimulate XPC recruitment and leads to repair of damage by NER ([@B88],[@B89]). In addition, the N-terminal activation domains of p53 require GCN5 HAT activity to regulate gene expression by influencing chromatin modifications ([@B90],[@B91]). Notably, the effects of CITED2 silencing on p53 accumulation and the increase of p53\'s target Bax were more pronounced after treatment with a high concentration of cisplatin ([@B55]). These results support the notion that, through physical interaction with p53, CITED2/p300 and/or modified H3 (acetylation at specific site) as demonstrated here can regulate p53 transactivation on specific genes, depending on the cellular context and environmental stimuli ([@B40]). Therefore, the CITED2/p300/H3ac/p53 complexes found here may link cisplatin-induced DNA damage recognition to nucleosome acetylation and may regulate critical growth regulatory pathways in tumor cells. Our results suggest that CITED2 may serve as a potential therapeutic target for resistant malignancies by promoting cellular responses to DNA damaging agents that are currently ineffective against specific cancers. It will be important to examine the status of CITED2/γ-H2AX/ERCC1 expression in clinical samples using immunohistochemistry and other techniques.
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